We have constructed a plasmid, pPSG4, that carries only the coding sequences for polyomavirus (Py) small, middle and truncated large T-antigens. A unique Hindi 11 site allows the introduction of foreign promoters directly in front of viral coding sequences. The simian virus 40 (SV40) early and late, adenovirus-2 (Ad-2) major late and herpes simplex virus-1 (HSV-1) thymidine kinase (TK) promoters all confer on pPSG4 the ability to transform rat embryonic fibrobiasts with high efficiency. Sequential deletion of the 72 bp repeats, the 21 bp repeats and the TATA box from the SV40 early region in pPSG4 produced a 50, then 30 and then a further 5 to 10-fold decrease in transformation efficiency, respectively. Thus pPSG4 is a convenient vector for the cloning and characterization of mammalian promoters.
INTRODUCTION
The search for an understanding of eukaryotic gene expression has led to the isolation and characterization of a variety of viral and cellular promoters (1,2). DNA sequences integral to promoter function have been defined by sequence comparison, mapping of transcriptional start sites, mutation analysis and the use of hybrid promoters (3-7). The effects of mutations in promoters recognized by RNA polymerase (pol) I and pol III must be determined by analysis of the transcripts; however, some promoters recognized by RNA pol II have been characterized by observing the effects of mutations on either the quantity of translated gene product that accumulates in vivo or the phenotype these proteins confer on the cell or virus. For example, promoter mutants have been studied in the HSV-1 TK gene system by measuring TK activity after injection of the mutated DNA into frog oocytes (8) and by the frequency with which this DNA converts TK~ cells to TK + phenotype (8, 9) . In Py and SV40 the transcription effected by wild-type and mutated early promoters has been measured by the frequency of conversion of cells in culture to the transformed state (10,11). Early and late promoter function in SV40 and Py has also been assayed by immunofluorescent detection of viral T-antigens (10, 12, 13) , plaque size (12, 13) and the efficiency of complementation of known viral mutants during co-infection (13) .
Not all RNA pol II transcription units are amenable to such assays. If an appropriate cell type or system in which the action of the gene product can be observed does not exist or if raising specific anti-serum is not feasible it might be necessary to fall back on laborious quantitation of mRNA produced in vivo; apparently transcription systems in vitro cannot be used to define all the elements of transcriptional regulatory regions (14) (15) (16) ).
These problems can be overcome with plasmid vectors that bear a promoterless gene (17) (18) (19) (20) (21) (22) . The protein product provides an assay of the strength of inserted promoters. The desirable features of a promoter vector are that a) convenient restriction sites allow the ready introduction of a promoterbearing ONA fragment directly in front of the marker gene coding region, b) the action of the marker gene product be easily quantitated with a minimum of manipulations, reagents and radioactive compounds, c) the assay be sensitive enough to measure promoter strength over several orders of magnitude, d) the promoterless marker gene be transcriptionally inert, and e) the host cell system provide no or low background levels of the marker activity.
We describe here the construction of such a "surrogate gene", pPSG4, which contains sequences from the Py early coding region cloned in the plasmid pBR322. pPSG4 meets the above requirements and has some advantages over existing vectors for promoter analysis. The basis for our assay is the high efficiency transformation of rat embryonic fibroblasts in vitro by the Py early region (23) . We show that insertion of the Py early, SV40 early and late, Ad-2 major late, and HSV-1 TK promoters confers a range of high transforming potentials to pPSG4.
MATERIALS AND METHODS

Cell cultures
Rat-1 cells were grown in tissue culture grade Petri dishes with Dulbecco's modified Eagles medium supplemented with 10% fetal bovine serum, 50 pg/ml gentamycin (Schering, Montreal) and 2.5 pg/ml fungizone (Squibb, Montreal). Cultures were maintained in incubators at 37°C in a humidified atmosphere 5% in CO2. 
RESULTS
Construction of a eukaryotic promoter vector
We wished to derive a plasmid vector from the Py transforming region suitable for the molecular cloning and characterization of mammalian promoters. In order to do this we devised a scheme for the complete removal of the Py early promoter region so as to leave a unique HindHI site at the border between plasmid sequences and the 5' end of the Py early coding region ( Fig. 1 ).
Starting with 20 yg of the plasmid pPBR2 (BamHl to EcoRI early fragment of Py in pMK16.1) (28) a partial Hgh_l digest was performed followed by EcoRI digestion to completion. DNA fragments migrating slightly faster than the BqlI to EcoRI early fragment of Py on a \% agarose gel were electroeluted. This material (about 0.2 pg) was ligated to EcoRI and Hijidlll doubly cut and phosphatased pBR322 DNA. This produced a linear molecule with one HindHIgenerated and one Hphl-generated end. The ligation mixture was then treated (29) and Py (30) allowed us to predict that this ligation would regenerate a HindHI site.
Of approximately 250 colonies obtained on ampicillin plates by transfecting competent HB101 with the above ligation mixture 12 were screened by restriction digestion and electrophoresis of rapidly prepared DNA. The desired recombinant was found in 6 of the 12. One of these was chosen and designated pPSG4. The structure of pPSG4 is given in Figure 1 . Note in Figure  2 that the first nucleotide derived from Py sequences is the T at nucleotide (nt.) 154 (C.R. Mueller, personal communication) and not the T at nt. 155 as expected from a knowledge of the manner in which Hp_h_I cleaves DNA (31) . Foreign promoters restore high transforming potential to pPSG4
We compared the capacity of pPSG4 to transform Rat-1 cells with that of pPBRl. pPBRl can be considered the wild-type parent of pPSG4 as it contains the intact transforming region of Py (BamHl to EcuRl) in pBR22. Not surprisingly, pPSG4,which lacks all known promoter sequences (11, Mueller, Mes, Bouvier, and Hassell, in preparation) including the major early mRNA cap sites (32), transforms Rat-1 cells at less than 0.01% the frequency of wild-type.
In order to determine whether pPSG4 could act as a vector for the assay and characterization of mammalian promoters we tested the capacity of a number of viral promoters to restore high transforming activity to pPSG4.
The Py early, SV40 early and late, the Ad-2 major late, and HSV-1 TK promoters were independently cloned in front of the Py early coding region as indicated in Table 1 . The transforming potential of these plasmids was then tested on Rat-1 cells ( Table 2) . Each of the foreign promoters boosted the transforming Table 2 potential of pPSG4 by 1 to 3 orders of magnitude with one exception. The SV4O late construct, pPSVLl, might not be expected to produce biologically active Py middle T-antigen required for transformation (33) , because it contains an out-of-frame fusion of SV40 VP2 and VP3 coding sequences with the Py early coding region via 19 bp of Py early mRNA sequences. Moreover, the SV40 VP1 splice donor site contained in the predicted mRNA could cause aberrant splicing of the Py early mRNAs. When the SV40 late promoter is directly juxtaposed to the Py early coding region as in pPSVHPl the transformation frequency rises by one hundred fold. The Py early promoter confers high transforming activity on pPSG4, though pPPEl is consistently less transforming than the wild-type parent, pPBRl.
The restoration of high transforming potential to pPSG4 by the insertion of foreign promoters suggests that they are able to render pPSG4 transcriptionally competent. pPSG4 can therefore accept a variety of mammalian promoters and allow their characterization by in vitro mutagenesis and transformation. The deletion of SV40 early promoter elements has a dramatic effect on the frequency of transformation.
It was important to demonstrate that the concerted action of various elements in the eukaryotic promoter can be clearly revealed by the transformation efficiencies of mutagenized pPSG4-derived plasmids. We chose to look at the SV40 early promoter because its major elements have been well defined (10, 13, 34, 35) . They include the far upstream 72 bp repeats, the 21 bp repeats and the coding-sequence-proximal TATA box. We therefore set out to determine the effect on transformation frequency of the deletion of the 72 and 21 bp repeats from the SV40 early promoter in pPSG4, pPSVEl.
The 72 bp repeats and the 72 plus 21 bp repeats can be removed by SphI and Ncol cleavage, respectively. pPSVEl was digested to completion with either SphI or Ncol, the appropriate fragments were electroeiuted from agarose gels, ligated, transfected and ampicillin-resistant colonies were screened for the desired deleted plasmids (Figure 3 ).
The transformation frequencies of pPSVEl-derived plasmids lacking the 72 bp repeats (pPSVEdlS) or the 72 plus 21 bp repeats (pPSVEdlN) are presented in Table 3 . It can be seen that the removal of the 72 bp repeats from pPSVEl results in a dramatic 50 fold decrease in transformation while further removal of the 21 bp repeat element causes another 30 fold drop. The extension of the deletion to include the SV40 early TATA box (pPSG4) brings about another detectable drop in transformation. These results clearly show that The actual assay of promoter strength is very straightforward. It requires only the introduction of the recombinant plasmid into Rat-1 cells in culture as a CaPO^ precipitate followed by a change of medium once every three days over a two to three week period. The enzymatic assays and manipulations of some other systems are thus avoided. A particular advantage of pPSG4 is the relatively high oncogenicity of the Py transforming region. At 50 ng of applied plasmid DNA transformation frequencies of 1000 to 3000 foci/yg are typical. Compare this to SV40 which transforms Fisher rat fibroblasts at not much more than 100 foci/yg (10) and rat F-111 cells at 50 foci/yg (13) . Py-derived foci also arise at least one week earlier than SV40 induced foci. Moreover, there is virtually no background due to low level expression of the Py marker gene or to spontaneous transformation of Rat-1 cells. Neither is there a lethal effect due to high level expression of the Py transforming region unlike the HSV-1 TK gene (18) . Given a transformation frequency for pPSG4 alone of less than 0.01% of wild-type, promoter strength can be potentially measured over three to five orders of magnitude. It should be noted that variability between experiments is such that less than 2 fold differences are not significant. This variability may be due to differences in the quality of plasmid preparations, the CaPO,, precipitate or the recipient cells themselves.
One criticism of this vector and its use may be that because transformation is a post-integrative event transformation frequency may not directly reflect promoter strength. This question was addressed by McKnight et al. (36) . They showed that for a series of TK promoter mutants there was a direct correlation between the levels of TK enzymatic activity in a short term assay and the frequency of transformation of TK" cells to TK phenotype. This data strongly suggests that the frequency of transformation (whether to TK + phenotype or to the transformed state) does indeed reflect promoter strength. We suspect that the transformation frequency for a given promoter or promoter mutant may be indicative of the probability with which complementing cellular enhancer of promoter functions are acquired as a result of integration into genomic DNA. It may thus be possible to use pPSG4 to isolate cellular promoter sequences. Other workers have recently published findings consistent with this hypothesis (37) .
A number of interesting observations come out of the present study. The HSV-1 TK and Ad-2 major late promoters are not known to have associated enhancer sequences. They confer to pPSG4 (pPTKl and pPALl respectively) transformation efficiencies that are one to two orders of magnitude lower than those conferred by the Py and SV40 promoters. Both of the latter are associated with enhancers (5,12, Mueller, Mes, Bouvier, and Hassell, submitted). Our finding is consistent with previous studies (5) and casts doubt on the popular notion that the Ad-2 major late promoter is very strong. pPALl transforms Rat-1 cells at a frequency comparable to a mutant of the Py early promoter which is devoid of all enhancer activity (Mueller, Mes, Bouvier, and Hassell, submitted). It is likely that the abundance of mRNA obtained from the adenovirus major late promoter during viral infection is due to the high copy number of the viral genome after DNA replication. It may also be that viral and/or virally induced cellular factors act to potentiate transcription from the late promoter (38) . The former is certainly true for the HSV-1 TK gene (39) . Such factors would not be present in our system.
The use of the SV40 early promoter (pPSVEl) results in a high transformation efficiency of 40% -60% wild-type (pPBRl). This is comparable to the activity of the Py early promoter in pPSG4 (pPPEl) and probably does not reflect a significant depression in transforming potential. This result is consistent with other work which shows that the Py and SV40 enhancers potentiated transcription to a similar extent in a rodent cell system (40).
Using our system deletion of the SV40 72 bp repeat enhancer element resulted in a 50 fold decrease in transformation efficiency as compared to 10 fold (10) and 2.5 fold (13) drops in other studies. We suggest that the absence of SV40-large-T-antigen-mediated autoregulation and replication may be responsible for revealing an exceptionally strong effect of the SV40 enhancer in this investigation. Further deletion of the 21 bp repeats gave another 30 fold drop comparable to the results of Fromm and Berg (13) . Despite a total 1500 fold depression in activity the action of the SV40 early TATA could still be noted as a transformation frequency 5 to 10 fold greater than pPSG4. We note, however, that a deletion of the Py early promoter that leaves only 30 bp upstream of the Py TATA box transforms Rat-1 cells 20 times better than the comparable SV40 mutant (pPSVEdlN) in this study (Mueller, Mes, Bouvier, and Hassell, submitted). This result may reflect the action of a stronger Py TATA box. It may also imply the existence of promoter sequences closely associated with the Py TATA box and absent in pPSVEdlN. In any case, it is quite apparent that pPSG4 allows the very clear definition of eukaryotic promoter elements through the use of mutated molecules in the focus assay.
By contrast the SV40 late promoter in pPSG4 (pPSVHPl) is 50 times less efficient at inducing transformation than the SV40 early promoter construct (pPSVEl). This difference is greater than but consistent with the observation of Bourachot e_t al_. (21) . Our results confirm that the SV40 late promoter can direct transcription in the absence of SV40 large T-antigen. They further support the idea that the high level of late mRNA found after SV40 DNA replication is the result of large T-antigen repression of early transcription and increased copy number of the viral genome (41). Both we and Bourachot e_t aj_. used the late promoter fragment of SV40 DNA extending from the Hijidlll site at nt. 5171 to the Pvull site at nt. 270. This sequence does not include the major late mRNA cap sites (42) but Fromm and Berg (13) have shown that their absence does not affect SV40 late promoter function. The SV40 72 and 21 bp repeats are retained in pPSVHPl. They are thus not sufficient for high levels of gene expression. Weak late promoter activity in Py and SV40 may also be due to the absence of a TATA box (11) .
A relatively large difference between SV40 early and late promoter activity has not been observed by some other groups (43, 44, 45) by contrast to the present study. This is likely due in part to the absence in our system of SV40 large T-antigen which has a stimulatory effect on transcription from the SV40 late promoter (46, 47) . It should also be noted that an SV40 late promoter element defined in vitro (48) is absent in pPSVHPl. These suggestions do not, however, reconcile our results with those of Hartzell e_t al_. (45) . They found that the SV40 early and late promoters functioned equally well in front of the HSV-1 TK gene to convert TK mouse or human cells to TK phenotype. A suggestion which reconciles these results is that it may take far fewer transcripts to establish the TK phenotype than the transformed phenotype. If so, the activity of a strong promoter could not be resolved from a relatively weak one in the TK transformation assay. Indeed, Pater e_t a]_. obtained fewer TK transformants with the SV40 early promoter driving expression of the HSV-1 TK gene than with the endogenous TK promoter, suggesting high level expression of TK may be incompatible with cell viability (18 and our unpublished results). We further note that the SV40 early and late promoter constructs of Hartzell e_t al_. are only 2 to 4 fold more transforming than the native tk clone. In our system the SV40 early promoter produces 50 times more transformants than either the SV40 late or HSV-1 TK promoters. We therefore believe that the full activity of a strong eukaryotic promoter may be masked in a TK transformation assay but not in a focus assay.
Some points should be kept in mind when interpreting results obtained with pPSG4. All of the constructs in Table 2 would be expected to produce mRNA molecules with different hybrid leaders. Leader sequences may affect the efficiency with which a given mRNA species is translated (49); K. Lee and N. Sonenberg, personal communication). Moreover, all the promoters were required to function in a non-homologous host; it is becoming clear that there is at least some species specificity governing the activity of DNA sequences that regulate gene transcription in ci §_ (6, 40, 50) . It is also likely that uninfected Rat-1 cells do not supply factors which regulate the transcription of some viral promoters. For all of these reasons it seems wise not to make strict comparisons between different promoters in pPSG4. However, we have shown that various mutants derived from a particular promoter can certainly be compared among themselves. We thus expect pPSG4 to prove to be a useful and versatile tool for the analysis of mammalian promoters.
